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Abstract 
A numerical study has been carried out to analyze the unsteady flow field of a stenotic artery. The artery has 75% stenosis 
severity with axisymmetric cosine shaped stenosis. The wall of the vessel is considered to be rigid. A sinusoidal pulsatile flow is 
assumed as inlet boundary condition. The time period of the inlet pulsatile flow is varied as 5, 10, 15 and 20 seconds. A 
recirculation region is visible at the post stenotic region for all cases and the recirculation region increases at minimum velocity 
of the inlet flow. The positive peak wall shear stress (WSS) is found to be located proximal to the stenosis throat and negative 
peak wall shear stress is visible in the post stenotic region for all cases. The variation in time period of inlet flow has no 
significant effect in the neighbourhood of the stenosis throat but has some variations in the post stenotic region. The peak value 
of positive WSS is same for all cases but the peak value of negative WSS changes and its location tends to move towards the 
stenosis throat as the time period of the inlet flow cycle is decreased. For all cases the pressure distributions across and near the 
stenosis throat are same at maximum inlet flow condition. At accelerating inlet flow condition the pressure distribution shifts 
towards downward direction for smaller time periods of the inlet flow cycle. The pressure drop across the stenosis throat is same 
for all cases. 
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1. Introduction 
The stenosis of the artery means abnormal narrowing of the arteries. It may occur in the brain, intestines, kidneys, 
legs, heart, heart valve etc. and causes as a result of atherosclerosis. Atherosclerosis is the thickening and hardening 
of the artery wall as a result of the accumulation of calcium and fatty materials such as cholesterol and triglyceride. 
This deposition known as plaque continuously faces stress due to the external hemodynamic forces for example-wall 
shear stress (WSS), hydrostatic pressure, pressure gradient, gravity, kinetic and potential energy produced by the 
cardiac pump in the artery wall. In the worst case plaque may rapture causing the formation of thrombus and cause 
the death of the tissues. This may lead to heart attack or brain stroke and sometimes causes insufficient blood flow in 
the lower part of the body. Plaque rupture itself represents structural failure of a component of the diseased vessel, 
and it is therefore reasonable to propose that the biomechanical properties of atheromatous lesions may influence 
their vulnerability to rupture according to Young et al. [1]. The studies showed that pulsatile blood flow through 
artery vessel implicated in several types of hemodynamic forces that could impact in vessel wall structure. These 
forces are also the cause of development of vascular pathologies and an important factor in atherosclerosis according 
to Li et al. [2].Another study suggested that regions of high shear stress, which implicated in a direct mechanical 
harm of the vessel wall, were regions where atherosclerosis occurred. Conversely, Caro et al. [3] stated that 
atherosclerosis occurred in the site of low shear stress because of low mass diffusion of lipids. On the other hand, 
vessel with steady blood flow and high shear stress were comparatively disease free. Young et al. [1] studied the 
shear stress and pressure gradient in the stenosis and evaluated the cause of plaque rupture. Li et al. [2] also studied 
the hemodynamic forces. They used pulsatile blood flow and an elastic wall to observe the lumen movement. 
According to their study the peak WSS occurred just before minimum lumen position. Jayme et al. [4] performed 
numerical simulation assuming a physiological pulsatile flow through different models of stenosis. Ahmed and 
Giddens [5] studied both steady and pulsatile flow through 25%, 50% and 75% constriction of a rigid tube and 
Reynolds number ranges from 500 to 2000 using Laser Doppler anemometry (LDA). Sinusoidal pulsatile turbulent 
flow through a rigid walled stenotic vessel was been numerically modelled using the Reynolds averaged Navier-
Stokes equation approach by Varghese and Frankel [6].  
In this study, a numerical simulation is carried out in an axisymmetric stenotic artery as a simplified case to 
analyze the variation of wall shear stress (WSS) and the wall pressure gradient with the change in time period of the 
inlet flow. For this, 5, 10, 15 and 20 seconds time periods are taken for the pulsatile inlet flow and the simulation is 
carried out separately. The working fluid blood is considered to be incompressible and Newtonian fluid. The vessel 
wall is considered to be rigid, as the atherosclerosis promotes some reduction in the elastic properties of the vessel 
wall. For simulation standard k-Z model with low Re correction and standard k-H model are used and the result 
variations are analyzed. 
2. Mathematical model 
The flow field is governed by incompressible flow the Reynolds-averaged Navier-Stokes (RANS) equations in 
conservation form. It is expressed as: 
   (1) 
  (2) 
where, the strain-rate tensor   is given by, 
  (3) 
Nomenclature 
D diameter of the healthy artery    x axial location of the flow field 
r  radial location of the flow field   T time period of the inlet flow cycle 
R radius of the healthy artery   u instantaneous velocity   
U average velocity      WSS wall shear stress     
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Fig. 1. (a) Geometry of the stenosis and (b) inlet velocity profile. 
a  
 
 
b  
 
 
Fig. 2. Velocity distribution at different axial location at (a) time T2 and (b) time T3. 
The turbulence kinetic energy k and specific dissipation rate w of standard k-w model are determined by following 
two equations: 
The k equation:                                                 (4) 
The w equation:       (5) 
In these equations,  represents the generation of turbulence kinetic energy due to mean velocity gradients.   
represents the generation of ω.  and   represent the effective diffusivity of k and ω, respectively.   
and   represent the dissipation of k and ω due to turbulence. and    are user-defined source terms. 
The coefficient damps the turbulent viscosity causing low-Reynolds Number correction. It is given by: 
   ൌ   (6) 
Where , ൌ ǡ ൌ͸ǡ ൌ ǡ ൌͲǤͲ͹ʹǡ ൌͳǤ
The turbulence kinetic energy k and dissipation H for time standard k-H model are determined by the following 
two equations: 
The k equation:   +   =   +Pk + Pb-  - YM + Sk (7) 
The equation:   +   =   +  + S  (8) 
Here,  
1d 2.5d 6d 1d 2.5d 6d 
Flow Direction 
2D 
D/2 
342   Syeda Reham Shahed et al. /  Procedia Engineering  90 ( 2014 )  339 – 345 
3. Computational model 
3.1 Geometry of the flow field 
An axisymmetric cosine shaped stenotic artery used for this study is shown in Fig. 1 (a). As the plaque formation  
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Fig. 3. Axial wall shear stress variation at different time phases of the flow cycle for (a) 15 s time period and (b) 5 s time period of the inlet flow. 
 
is continuous and localized, the assumption of cosine shaped stenosis resembles to the real cases. Stenosis level is 
considered to be 75% by area. The length of the vessel is taken as 5D upstream and 30D downstream the stenosis 
throat. The wall is considered to be rigid. 
3.2 Flow field model 
The flow field is analyzed by solving the RANS equations with two two-equation turbulence models. For this 
study, low Reynolds k-ω model and standard k-H model are used. The PISO (pressure implicit splitting of operators) 
algorithm is used for pressure-velocity coupling. It is useful for stability in unsteady flow calculations [6]. For 
spatial discretization second order upwind scheme is used for pressure, moment, turbulent kinetic energy, turbulent 
dissipation rate and specific dissipation rate. Here blood is considered incompressible and Newtonian fluid. The 
flow field mesh consists of 27300 cells for each case. 
3.3 Boundary conditions 
 A flat velocity profile varying sinusoidally with time is formed at 5D upstream the stenosis, using the Eq. (9). A 
user-defined function is written for this case as, 
  (9) 
Here, and  values are taken according to the flow field Reynolds number which varies from 200 to 1000. 
The inlet velocity profile is shown in Fig. 1(b) along with the indication of different time phases which are used for 
post-processing calculations. The T1, T2, T3 time phases represent accelerating, peak and minimum inlet flow 
conditions respectively. Four different time periods: 5, 10, 15 and 20 seconds are considered for the study. 
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4. Results and Discussion 
The validation for the present numerical simulation can be found in Shahed et al. [7]. In the following 
subsection of velocity distribution the results are shown for both k-ω model with low Re correction and standard k-ε 
model turbulence models. Further subsections show the results for k-ω model with low Re correction. 
4.1 Velocity distribution 
Figure 2 shows the velocity profiles along the flow field at T2 and T3 time phases of the inlet flow cycle for 20 
seconds time period. The  model with low Re correction and standard  model is used for simulation and 
comparative results are shown here. Each profile is offset by 10 units. It shows velocity profile near the stenosis 
throat takes turbulent pattern and at far downstream the throat (6d) it takes laminar pattern for both time phases. 
However, at T2 time the profiles are more turbulent in nature. During the deceleration (T3) reversed flow becomes 
high creating high vortices near the wall and spreading to a wider region. Reversed flow region continues to grow 
throughout the deceleration phase. The low Re k-omega model gives jet-like flow behaviour downstream the 
stenosis unlike standard  model.  
 
       
 Fig. 4. Axial wall shear stress variation for different time periods at (a) T1, (b) T2 and (c) T3 time phases of the inlet flow cycle. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Variation of positive peak value of WSS with change in time period, (b) Variation of negative peak value of WSS with change in time 
period, (c) The variation in location of the peak value of negative WSS with change in time period  
4.2 Wall shear stress variation 
Variations of axial wall shear stress along the length of the vessel in the vicinity and distal to the stenosis are 
shown in fig. 3, at three different time phases (T1, T2, and T3) of the flow cycle for 20 seconds time period. The 
peak value of WSS is higher in the accelerating phase (T1 to T2) and is lower at decelerating phase (T3). It is 
highest at the peak flow condition (T2) and lowest at minimum flow condition (T3). The negative values of WSS at 
further downstream are consistent with the flow reversal found at downstream close to the stenosis throat. During 
the decelerating phase, at downstream to the stenosis throat, vortices develop. The location of zero shear stress 
a b c 
a b c 
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indicates the re-attachment and flow reversal. In each time phase the maximum WSS is formed just prior to the 
stenosis throat due to the presence of high velocity in that region. It is seen that rupture normally occurs before the 
stenosis throat [8]. The WSS fluctuates throughout the flow cycle and results in arterial wall thickening. High WSS 
elongates the endothelial cells and force to align in the direction of the flow. Low WSS has negligible effect on the 
cell but increases intercellular permeability and consequently increases the plaque formation in the affected region 
[9]. 
Figure 4 (a) shows the WSS distribution along the flow field for different time periods of the inlet flow cycle. 
The peak values of WSS and its locations are found to be same for all cases. Figure 4 (b and c) shows the similar 
WSS distribution for T2 and T3 time phases of the flow cycle. For all cases the maximum and the minimum WSS 
occur at T2 and T3 time phases respectively. The peak value of positive WSS occurs just prior to the stenosis throat. 
The negative peak WSS values for each case and for all time phases are located in the post stenotic region.  Figure 5 
(a and b) shows the variation of peak positive and negative WSS values with the change in time period of the inlet 
flow at different time phases respectively.  Figure 5(a) shows that the peak positive value remains constant with the 
variation in time period. Figure 5(b) shows that the negative value increases as the time period is decreased from T2 
to T3 . For T1 time period no such relationship can found. Figure 5(c) shows the location of negative peak value of 
WSS tends to move towards the stenosis throat as the time period of the inlet flow cycle is decreased.  
  
a 
 
b 
 
Fig. 6. Wall pressure distribution along the flow field for different time periods at (a) T1 and (b) T2 time phases of the flow cycle. The legend 
represents the different time periods.  
4.3 Wall pressure distribution 
Figure 6 shows the wall pressure distribution in the neighbourhood of the stenosis for all cases at T1 and T2 
time phases of the flow cycle. For each case the pressure distribution upstream the stenosis throat is same at 
maximum inlet flow condition. At accelerating inlet flow condition (T1) the pressure distribution shifts towards 
downward direction for smaller time periods of the inlet flow cycle, where the cycle of 5 sec time period gives the 
greatest shift. The pressure drop across the stenosis throat is same for all cases. 
5. Conclusions 
An axisymmetric stenotic artery with a varying inlet flow condition has been numerically simulated. The time 
period of the pulsatile inlet flow is varied as 5, 10, 15 and 20 seconds keeping the other parameters constant. The 
wall shear stress and wall pressure distribution has been analyzed. A recirculation region is found at the downstream 
of the stenosis throat and this region increases in size when the inlet flow is minimum. The WSS distributions show 
no variation in the vicinity of the stenosis but in the post stenotic region the peak negative WSS changes in 
magnitude and in location with the variation in time period of the inlet flow cycle. The negative peak value of WSS 
tends to move towards the stenosis throat as the time period is decreased. The trend of wall pressure distribution 
along the flow field is identical upstream the stenosis throat at maximum inlet flow condition. At accelerating inlet 
flow, the wall pressure distribution shifts towards downward direction as the time period is decreased. 
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